We evaluated responses of the predominant predators of pheromone-producing bark beetles (Coleoptera: Scolytidae) to chemical cues associated with other phloeophagous species that colonize the same trees. This study considered the range of chemical signals exploited by a category of predators that may be viewed either as specialists, because they feed almost exclusively within trees killed by bark beetles, or as generalists, because they feed on a diverse fauna of primary and secondary insects within this habitat. It also evaluated one aspect of a broader model of predator-prey coevolution, that proposes altered semiochemistry as a source of partial escape from predators that exploit kairomones. The predators, Thanasimus dubius (F.) (Coleoptera: Cleridae) and Platysoma cylindrica (Paykull) (Coleoptera: Histeridae), were attracted to cues associated with feeding on bark-phloem disks by two scolytids that produce adult pheromones, Ips pini (Say) and Ips grandicollis (Eichhoff). These predators were not attracted to beetles that feed on lower stems or roots and are not known to produce adult pheromones, Dendroctonus valens LeConte, Hylastes porculus Erickson (Coleoptera: Scolytidae), and Hylobius pales (Herbst) (Coleoptera: Curculionidae). The predator Tenebroides collaris (Sturm) (Coleoptera: Trogositidae) was attracted to I. pini and I. grandicollis, and also to D. valens, H. porculus, and H. pales. Ips pini was attracted to conspecifics only, but I. grandicollis was attracted both to its conspecifics and to volatiles associated with feeding lower stem and root insects. Lower stem and root insects were not or only weakly attracted to cues associated with their conspecifics. These results are consistent with a dynamic coevolved interaction between T. dubius and P. cylindrica and Ips spp.
Introduction
Some predators exploit pheromones of bark beetles and host tree volatiles as kairomones to locate prey (Bakke & Kvamme, 1981; Wood, D.L. 1982; Mizell et al., 1984; Chénier & Philogène, 1989; Schroeder & Lindelöw, 1989; Bowers & Borden, 1992) . Because these predators attack several species, they could conceivably exploit a broad set of chemical signals.
Traditional definitions of specialists and generalists are not easily applied to coleopteran predators of bark beetles. They feed almost exclusively on the fauna within trees colonized by scolytids, yet consume many subcortical species within this habitat. Hence, they are best considered 'habitat specialists' (Jermy, 1988; Gaston, 1990 ). Here we consider host range from the perspective of chemical signals that bring predators to infested trees.
Although a pheromonal signal must be consistent enough to attract conspecifics, some variation may allow signalers to avoid predation (Raffa & Klepzig, 1989; Herms et al., 1991; Raffa & Dahlsten, 1995; Aukema et al., 2000a) . Variation in stereochemistry and component mixtures is common in scolytids (Lanier et al., 1980; Schlyter et al., 1987; Miller et al., 1997) , and may facilitate a coevolutionary process. We presently lack sufficient information about several aspects of bark beetle-predator interactions to fully evaluate this model. For example, relatively little is known about the species array of signals to which these predators respond.
Ips pini is distributed throughout the pine forests of the northern USA and southern Canada (Wood, S. L. 1982) . It is usually the most common bark beetle found in the Great Lakes region, and can be an important pest (Schenk & Benjamin, 1969; Klepzig et al., 1991) . Adult males select weakened or recently killed trees as hosts. Upon entering a suitable tree, males from midwestern populations emit the terpenoid ipsdienol (racemic 2-methyl-6-methylene-2,7-octadien-4-ol) and the ketone lanierone (2-hydroxy-4,4,6-trimethyl-2,5-cyclohexadien-1-one), which attract other males and females (Birch et al., 1980; Teale et al., 1991; Seybold et al., 1995; Miller et al., 1997) . Larvae feed and develop in the phloem.
Several species of phloeophagous insects are associated with midwestern I. pini (Klepzig et al., 1991; Raffa, 1991) . Ips grandicollis colonize the same sections of the same tree species as I. pini, has a similar life cycle, and competes for suitable hosts. Ips grandicollis produce the aggregation pheromone ipsenol (Vité & Renwick, 1971; Werner, 1972) . Ips perroti Swain, sometimes occur in southern and central Wisconsin where our work was conducted, but in low numbers (Aukema et al., 2000a,b) . Two other bark beetles, Dendroctonus valens LeConte and Hylastes porculus Erickson, colonize the lower stems and roots, respectively. They can either predispose trees to attack, or may arrive in response to Ips aggregation pheromones (Klepzig et al., 1991; Raffa, 1991) . Female D. valens and H. porculus initiate attacks, and both sexes are attracted to resin exuding from wounds (Hobson et al., 1993) . No adult pheromone has been identified for either species. Also associated with I. pini are the pine root weevils Hylobius radicis Buchanan, Hylobius pales (Herbst) and Pachylobius picivorus (Germar) (Curculionidae), and the long horned beetle, Monochamus carolinensis Oliver (Cerambycidae), each of which is attracted to pheromones of I. pini and I. grandicollis (Raffa, 1991; Aukema et al., 2000a,b; Wallin & Raffa, 2001) . Adult females of these species chew niches in the bark, into which they oviposit. The larvae penetrate the bark, feed, and develop within the phloem and sapwood.
Thanasimus dubius (F.) and Platysoma cylindrica (Paykull) are the most abundant predators of I. pini and I. grandicollis in the Great Lakes region (Raffa, 1991; Raffa & Dahlsten, 1995) . Adults and larvae of T. dubius feed on adult and larval bark beetles, respectively, and P. cylindrica feed on eggs. Corticeus parallelus Melsh (Coleoptera: Tenebrionidae) and Tenebroides collaris (Sturm) are also predators of Ips spp., but their behavior is less known (Raffa, 1991; Aukema et al., 2000a,b) . Tenebroides collaris is both a larval and adult predator of southern pine beetle, Dendroctonus frontalis Zimmermann and associated Ips spp. in the southern USA (Camors & Payne, 1973) . In preliminary studies, we confirmed that T. dubius feed on I. pini, I. grandicollis, D. valens, and H. porculus adults. Our objective was to determine the range of prey species that produce signals attractive to the major predators exploiting this phloeophagous guild.
Methods

Experiments
Experiments were conducted from June 1-17, 1999 in red pine, Pinus resinosa (Aitman), plantations of similar age (50 year) and with similar site indices in Sauk Co., Juneau Co., and Jackson Co., Wisconsin.
Ips pini and I. grandicolllis were collected upon emergence from naturally colonized logs in the field. The logs were placed in rearing cans containing two removable glass collection jars, and were kept at 60-65% r.h. and 23-27 • C. Dendroctonus valens, H. porculus, and H. pales were collected at red pine sites using baited jug and pitfall traps, respectively (Phillips et al., 1988; Klepzig et al., 1991) . Jug and pitfall traps were baited with two 0.5 dram (∼5 ml) glass vials containing 75% ethanol and (+) α-pinene, and 75% ethanol and (−) α-pinene, respectively. Captured insects were sexed and used the next day.
Bark-phloem samples were collected from live P. resinosa in the Mazomanie State Forest in Dane Co., Wisconsin, as described by Erbilgin & Raffa (2000a) . Samples were cut from the lower 1 to 2.5 m of the bole, using a round saw attached to a hand drill. Samples were brought to the laboratory and cut into circles using a 150 mm diam. hole saw, and then place with the outer bark exposed in a 150 mm diameter × 25 mm plastic petri dish containing warm paraffin wax. Test beetles were allowed to tunnel into or feed on the bark-phloem disks for 24 h at 23 • C. The dishes were covered with mesh screen to keep the beetles from escaping.
The following insects were deployed in assay units: male I. pini, male I. grandicollis, female D. valens, female H. porculus, female H. pales. Each insect was deployed in a separate experiment, which always contained dishes containing red pine with one insect, red pine with no insect, and blank control dishes. The assay units were taken to forested sites, and suspended from multiple-funnel traps (Lindgren, 1983) . No-pest strips (Pest STRIP, Loveland Industries, Inc. Greeley, Colorado) were placed in the collection cups to prevent predation. These traps were deployed at four sites in a randomized complete block design, with 10-15 m between treatments. Treatments were sampled, replaced and re-randomized every four days over 16 days, to provide a total of 16 replicates per treatment. The experiments with the five insect herbivores were conducted simultaneously in the same forests, but in different study plots, which were assigned randomly and separated by 45-55 m.
Data were analyzed using Analysis of Variance. In preliminary analyses, residual plots indicated that assumptions of normality and homogeneity of variance were not met, including when standard transformations were applied. Therefore, the data were analyzed using Generalized Linear Mixed Models (GLIMMIX) in PROC MIXED (Wolfinger & O'Connell, 1993; SAS Institute, 1996) . GLIMMIX estimates the parameters of a linear model using maximum likelihood based on the distribution of the data, and extends mixed models to accommodate nonnormal errors by adjusting the mean and variance. Insect counts are approximated by a Poisson distribution (Littell et al., 1999) , and the resulting Generalized Linear Mixed Model for our data is Y = m + Blk i + Trt j + (Blk * Trt) ij + Time k + (Trt * Time) jk ,where m is the mean, Blk i is the block effect, Trt j is the treatment effect, (Blk * Trt) ij is block * treatment interaction (whole plot error), and (Trt * Time) jk is treatment * time interaction. Assumptions for the model were block and block * trt were random effects. If the block or block * trt variance component estimate was zero, we refit the model by dropping it from the random statement. When significant treatment differences were indicated, means were separated by Fisher's Protected LSD test (α=0.05). 
Results
A total of 347 predators were captured across treatments, including three species of Cleridae (133), two species of Histeridae (120), and one species of Trogositidae (94). A total of 336 phloeophagous insects were captured, including four species of Scolytidae (282), one Curculionidae (29), and one Cerambycidae (25) ( Table 1 ). The most common phloeophagous insects caught were I. grandicollis, followed by I. pini, D. valens, and H. porculus. Thanasimus dubius and P. cylindrica were attracted to volatiles released upon feeding by I. pini and I. grandicollis (Table 2A) . Conversely, attraction was either low or insignificant to cues associated with lower stem and root insects tunneling in or feeding on bark-phloem disks. In contrast, T. collaris was significantly attracted to cues associated with all tunneling beetle species, except I. pini.
Ips pini tunneling in bark-phloem disks attracted significantly more conspecifics than did the phloem or blank controls (Table 2B) . Ips pini were not attracted to any of the other beetle species. The arrival of I. grandicollis to traps baited with its conspecifics likewise was significantly greater than to phloem or blank controls. Ips grandicollis was not attracted to I. pini, but was slightly attracted to traps baited with bark-phloem disks containing D. valens, H. porculus, or H. pales. Attraction of other phloeophagous beetles to I. pini and I. grandicolllis was very low or not significant. Attraction of D. valens to its own sources of attraction was significant, but their numbers were low. Root insects were not attracted to traps baited with conspecifics feeding on bark-phloem disks.
Discussion
The predominant predators T. dubius and P. cylindrica were attracted to cues associated with Ips spp. feeding on bark-phloem disks. Their responses to cues emitted by I. pini and I. grandicollis were equivalent. By contrast, these predators were not attracted to cues associated with feeding by lower stem and root insects, that do not produce adult pheromones. Host volatiles can exert an important role in the response of these predators to bark beetle pheromones (Wood, D.L. 1982) , and can modulate their responses to different tree and prey species (Erbilgin & Raffa, 2000a ,b, 2001 ). However host volatiles appear to exert little effect by themselves, even when released by wounding from other phloeophagous beetles. Thus, from the perspective of the primary chemical signals to which they respond, the host range of these predators is rather narrow. That is, they respond only to the pheromone-producing species, which in the pine forests of southern and central Wisconsin are predominantly I. pini and I. grandicollis. Having a narrow 'kairomonal host range', in contrast to the broader range of species on which they feed once inside bark beetle-infested trees, could facilitate the ability of these predators to track semiochemical changes in Ips pheromone production (Raffa & Dahlsten, 1995 In contrast, T. collaris appears to use cues associated with wounded host tissue to locate prey. Moreover, this predator appears superior to the major predators of Ips in locating lower stem and root stem insects (Table 2A) . This observation suggests that T. collaris may be a more valuable natural control agent than is commonly recognized. Root-and lower-stem insects, and their associated Leptographium fungi, are an important source of predisposition to Ips spp. in Wisconsin (Klepzig et al., 1991) . The relatively weak attraction of predators to M. carolinensis suggests this wood borer may not be severely impacted by predators when it attacks trees prior to Ips, as it does under some conditions (Wallin & Raffa, 2001 ).
